Introduction {#s1}
============

The *Arabidopsis* life cycle is divided into vegetative and reproductive growth phases. Extensive molecular genetic analysis in *Arabidopsis* has provided considerable information on how plants integrate environmental and endogenous signals to transition from the vegetative phase to the reproductive phase ([@CIT0047]). Multiple, interdependent genetic pathways control the developmental transition to the flowering phase ([@CIT0032]; [@CIT0039]); these pathways include the photoperiod, autonomous, vernalization, gibberellic acid, and thermosensory pathways. Under long-day conditions, genes that act within the photoperiod pathway play a major role in controlling flowering.

FLOWERING LOCUS T (FT) and TERMINAL FLOWER 1 (TFL1) belong to a small group of proteins that show structural similarities to mammalian phosphatidylethanolamine-binding protein ([@CIT0023]; [@CIT0028]; [@CIT0002]). In addition to *FT* and *TFL1*, four highly similar genes are present in the *Arabidopsis thaliana* genome, namely *TWIN SISTER OF FT* (*TSF*) ([@CIT0055]), *MOTHER OF FT AND TFL1* (*MFT*) ([@CIT0059]), *BROTHER OF FT AND TFL1* (*BFT*) ([@CIT0057]), and *ARABIDOPSIS THALIANA CENTRORADIALIS HOMOLOGUES* (*ATC*) ([@CIT0041]). These six genes are found in many species and are commonly referred to as the *FT/TFL1* family ([@CIT0006]; [@CIT0002]; [@CIT0024]; [@CIT0016]).

A major function of *FT/TFL1* family genes is the regulation of photoperiodic flowering. *FT* encodes a floral activator that integrates signal inputs from various pathways that regulate flowering time ([@CIT0052]; [@CIT0042]). *FT* is a major target of CONSTANS in the photoperiod pathway ([@CIT0050]) and mediates signalling from the vernalization and autonomous pathways by the direct interaction with FLOWERING LOCUS C ([@CIT0017]). Interestingly, despite its sequence similarities to the floral activator FT, TFL1 acts as a floral inhibitor, an opposite role to FT ([@CIT0044]). In addition, TFL1 controls plant architecture by regulating the expression of *LEAFY* and *APETALA1* (*AP1*) in the shoot apical meristem ([@CIT0005]; [@CIT0011]). The opposite functions of FT and TFL1 proteins map to a single amino acid in the second exon ([@CIT0015]) and a small external loop domain in the 4th exon ([@CIT0002]). *TSF* is most similar to *FT* within the *FT/TFL1* family. The *tsf* mutation on its own did not show any clear alteration of flowering time under long-day conditions, but it had an additive effect when combined with *ft* ([@CIT0040]; [@CIT0055]). This indicated that *TSF* plays a redundant role with *FT*. However, the effect of *tsf* loss-of-function is apparent under short-day conditions, suggesting that *TSF* makes a major contribution to flowering under short-day conditions. Based on overexpression studies, it was suggested that *MFT* and *ATC* have weak *FT*- and *TFL1*-like activity, respectively ([@CIT0041]; [@CIT0059]). *ATC* was also shown to be a short-day-induced floral inhibitor ([@CIT0019]). Finally, *bft* mutation produced more secondary inflorescences when combined with *tfl1*, suggesting that *BFT* has a *TFL1*-like activity and functions redundantly with *TFL1* in inflorescence meristem development ([@CIT0057]). It was recently demonstrated that *FT* regulates stomatal opening ([@CIT0027]) and *MFT* regulates abscisic acid- and gibberellic acid-mediated seed germination ([@CIT0054]), raising the possibility that *FT/TFL1* family genes function in diverse aspects of plant development.

Flowering is also significantly affected by changes in the ambient temperature ([@CIT0012]; [@CIT0033]). Among flowering time mutants, a subset of mutants showed flowering that was insensitive to ambient temperature (23 and 16 °C), indicating that these genes mediate ambient temperature-responsive flowering; later, these genes were proposed to act within the thermosensory pathway (or ambient temperature pathway) ([@CIT0004]; [@CIT0013]). A group of genes \[*FCA*, *FVE*, *HIGH EXPRESSION OF OSMOTICALLY RESPONSIVE GENES 1* (*HOS1*), *PHYTOCHROME INTERACTING FACTOR4* (*PIF4*), *SHORT VEGETATIVE PHASE* (*SVP*), *EARLY FLOWERING3* (*ELF3*), and *TFL1*\] ([@CIT0004]; [@CIT0036]; [@CIT0048]; [@CIT0029]; [@CIT0035]) and ambient temperature-responsive miRNAs including miR156, miR172, and miR399 ([@CIT0031]; [@CIT0026]; [@CIT0025]) are involved in this pathway. Increasing evidence points to a complex interplay of components within the thermosensory pathway. For instance, miR172 is subjected to multiple layers of regulation (at both transcriptional and biogenesis levels) ([@CIT0007]; [@CIT0022]), which may allow plants to fine-tune their responses to changes in ambient temperature. In addition, the ambient temperature transcriptome is regulated by H2A.Z-containing nucleosomes ([@CIT0030]). Although there are many components that affect ambient temperature signalling, the ambient temperature response is likely mediated by *FT* and *TFL1* ([@CIT0036]; [@CIT0048]; [@CIT0029]; [@CIT0034]).

Based on phenotypic analyses of single or double mutants of the *FT/TFL1* family members, it was suggested that *FT, TFL1*, and *TSF* are the major players in the control of flowering time. However, the combinatorial effect of mutations of the *FT/TFL1* family is unknown, due to the absence of a comprehensive set of mutants of the *FT/TFL1* family. To determine how *FT/TFL1* family genes contribute to the regulation of flowering time, this study generated a comprehensive set of mutants (63 multiple mutants in all combinations) of the *FT/TFL1* family and analysed their genetic interactions. In addition, this study tested the hypothesis that ablation of *FT*/*TFL1* family genes blocks flowering, since the *FT/TFL1* family is suggested to play an important role in flowering. This study also tested whether miR156 overexpression in the sextuple mutant background inhibits flowering.

The analysis confirmed that *FT* and *TFL1* are major determinants of flowering time under long-day conditions. A sextuple mutant, in which all the *FT/TFL1* family genes are impaired, still flowered, indicating that the *FT/TFL1* family genes are not essential to induce flowering. It was also found that *tsf-1* caused reduced sensitivity to ambient temperature changes. Overexpression of miR156 delayed flowering of sextuple mutants, suggesting the possibility that there is an alternative pathway to induce flowering independent of the *FT/TFL1* and miR156 pathways. This study proposes that this mutant population will be useful for further investigation of the functions of the *FT/TFL1* family genes in plant development.

Materials and methods {#s2}
=====================

Plant materials and growth conditions {#s3}
-------------------------------------

All of the mutants used in this study were in the *A. thaliana* Columbia (Col) background. Single mutants of the *FT/TFL1* family used to generate multiple mutants were described elsewhere (*ft-10*: [@CIT0058]; *tsf-1*: [@CIT0055]; *mft-2*: [@CIT0054]; *tfl1-20*: [@CIT0057]; *atc-2*: [@CIT0019]; and *bft-2*: [@CIT0057]). The plants were grown in soil or MS medium at 23 °C or 16 °C in long-day conditions (16/8h light/dark cycle) at a light intensity of 120 μmol m^--2^ s^--1^.

PCR genotyping {#s4}
--------------

The genomic DNA was extracted from fresh young leaves, which were homogenized in a tissue disrupter (Automill, Tokken, Japan) using metal beads. To increase accuracy of genotyping to isolate multiple mutants, two independent PCR reactions were used to detect mutant and wild-type alleles, instead of multiplex PCR. To amplify the mutant allele, a primer set (T-DNA primer and a gene-specific primer) was used. To amplify the wild-type allele, two gene-specific primers that hybridize adjacent to a T-DNA insertion site were used. The primers used for genotyping are described in [Supplementary Table S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert036/-/DC1) (available at *JXB* online).

Measurement of flowering time {#s5}
-----------------------------

Flowering time was measured by scoring total leaf number (at least 10 plants) under long-day conditions (16 and 23 °C). The total leaf number was recorded when the primary inflorescence had reached a height of 5cm. The effect of each mutation is expressed as the difference in leaf numbers between two mutant combinations that contained or did not contain the mutation. The leaf number ratio (16 °C/23 °C, LNR) under long-day conditions was used as an indicator of ambient temperature-responsive flowering ([@CIT0004]; [@CIT0036]). A hypothetical ambient temperature-insensitive plant produces an identical total number of leaves at both 23 and 16°C; thus, its LNR is 1.0.

RT-qPCR and small RNA northern hybridization {#s6}
--------------------------------------------

For RNA extraction, whole seedlings were harvested at zeitgeber time (ZT) 16, at which point FT expression levels were high ([@CIT0008]). Total RNA was extracted using Plant RNA Purification Reagent (Invitrogen), according to the manufacturer's instructions. For real-time quantitative PCR (RT-qPCR), 1 μg of total RNA was treated with DNaseI (New England Biolabs) and used for cDNA synthesis with First-Strand cDNA Synthesis Kit (Roche).

Expression levels were analysed by RT-qPCR as described by [@CIT0049]. RT-qPCR was performed in a 384-well plate with a LightCycler 480 using LightCycler 480 SYBR Green I Master Mix (Roche). For quantification, two stably expressed genes (At1G13320 and At2G28390) were used as reference genes ([@CIT0018]). The threshold cycle (Ct) and PCR efficiency of the primers used were calculated using LinRegPCR ([@CIT0043]). Oligonucleotide sequences used for RT-qPCR are given in [Supplementary Table S2](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert036/-/DC1). All RT-qPCR experiments were performed in biological triplicate, and technical triplicates for each, with similar results. The results from a biological triplicate are shown.

For small RNA Northern blots, 10 μg of total RNA was separated on a denaturing 17% (w/v) polyacrylamide gel (8M urea) in TBE buffer and transferred to an N+ Hybond membrane (Amersham). Hybridization was carried out at 42°C using PerfectHyb Plus hybridization buffer (Sigma). DNA oligonucleotide probes specific to miR156 ([@CIT0031]; [@CIT0025]) were end labelled with γ^32^P-ATP using Optikinase (USB). U6 RNA was used to show an equal amount of loading in small RNA hybridization analyses.

Results {#s7}
=======

Generation of a comprehensive FT/TFL1 family mutant set {#s8}
-------------------------------------------------------

T-DNA insertion alleles of *FT* (*ft-10*) ([@CIT0058]), *TSF* (*tsf-1*) ([@CIT0055]), *MFT* (*mft-2*) ([@CIT0054]), *TFL1* (*tfl1-20*) ([@CIT0057]), *ATC* (*atc-2*) ([@CIT0019]), and *BFT* (*bft-2*) ([@CIT0057]) in the Columbia background were used to generate multiple mutants. All alleles were reported to be strong loss-of-function mutants with T-DNA insertions in the introns or exons: a single T-DNA was inserted in the first intron for *ft-10* and *mft-2*, in the second intron for *tsf-1* and *tfl1-20*, in the first exon for *atc-2*, and in the third exon for *bft-2* ([Fig. 1A](#F1){ref-type="fig"}).

![Map of T-DNA insertions of mutants used in this study and strategy for generating the mutant population. (A) T-DNA insertions in the *FT/TFL1* family mutants used in this work. Closed boxes indicate exons; solid lines indicate introns; inverted triangles indicate T-DNA insertion. Both the allele name and its public T-DNA library identifier ([@CIT0003]; [@CIT0045]) are presented. (B) The strategy for generating a comprehensive set of mutants of the *FT/TFL1* family genes. (C) Confirmation of the genotype of sextuple (*ft-10 tsf-1 mft-2 tfl1-20 atc-2 bft-2*) mutants by PCR. For example, *ft-10* genotyping produced a single band of 926bp in size from the homozygous *ft-10* allele (\*), whereas the wild-type allele (WT, +) produced a single band of 1392bp in size. Genotyping primer information and the sizes of the expected amplicon of each mutant allele are provided in [Table S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert036/-/DC1).](exbotj_ert036_f0001){#F1}

The *FT/TFL1* family consists of six homologous genes in the *Arabidopsis* genome; thus, there are 63 possible combinations (6 single, 15 double, 20 triple, 15 quadruple, 6 quintuple, and 1 sextuple) in a comprehensive mutant set. All six genes are located on different chromosomes or far apart on the same chromosome in the *Arabidopsis* genome and therefore are unlikely to be linked. *FT*, *MFT*, *ATC*, *TSF*, *TFL1*, and *BFT* are located on chromsome I, I, II, IV, V, and V, respectively. The genes on the same chromosome, *FT* and *MFT* on chromosome I (18.1Mb apart) and *TFL1* and *BFT* on chromosome V (23.9Mb apart) are located in different arms, according to the *Arabidopsis* Information Resource (TAIR, version 10). Therefore, linkage should not affect generation of mutant combinations.

Since introducing each mutation by repetitive crossing would be a time-consuming way to generate a complete mutant set, this study first generated two triple mutants that were complementary to each other (*ft-10 tsf-1 atc-2* and *mft-2 tfl1-20 bft-2*) ([Fig. 1B](#F1){ref-type="fig"}). These triple mutants were generated by introducing *atc-2* and *mft-2* mutations into *ft-10 tsf-1* and *tfl1-20 bft-2* double mutants, respectively, which have been previously reported ([@CIT0057]). The *ft-10 tsf-1 atc-2* and *mft-2 tfl1-20 bft-2* triple mutants were then crossed to generate a line heterozygous for all *FT/TFL1* family genes (*ft-10 tsf-1 mft-2 tfl1-20 atc-2 bft-2*). This line was self-pollinated and the resulting F2 and F3 plants were subjected to PCR genotyping to isolate individual triple, quadruple, quintuple, and sextuple homozygous mutants. For example, in the PCR genotyping of sextuple mutants (*ft-10 tsf-1 mft-2 tfl1-20 atc-2 bft-2*), an amplicon corresponding to each mutant allele was detected (asterisks in [Fig. 1C](#F1){ref-type="fig"}), but amplicons corresponding to wild-type alleles were not. This confirmed the successful isolation of a sextuple mutant.

Absence of cross-regulation among the FT/TFL1 family genes {#s9}
----------------------------------------------------------

To determine whether the *FT/TFL1* genes regulate each other, mRNA expression of the *FT/TFL1* family genes was examined in each single mutant. There was no apparent reduction or increase (\>2-fold) of mRNA levels of other *FT/TFL1* family genes in any single mutant ([Fig. 2](#F2){ref-type="fig"}). For instance, *FT* expression levels were unaltered in *tsf-1*, *mft-2*, *tfl1-20*, *atc-2*, and *bft-2* mutants ([Fig. 2A](#F2){ref-type="fig"}). This was also true for the other genes. These results indicated that a single mutation in a *FT/TFL1* family gene did not affect the mRNA level of other members, excluding a possibility that transcriptional cross-regulation occurs among the *FT/TFL1* family, which may have interfered with data obtained from this study of genetic interactions.

![Expression levels of *FT/TFL1* family genes in each single mutant determined via RT-qPCR: (A) *FT*, (B) *TSF*, (C) *MFT*, (D) *TFL1*, (E) *ATC*, and (F) *BFT*. Expression levels were normalized to At1G13320 and At2G28390 ([@CIT0018]). Asterisks indicate near absence of transcript levels of the gene in the corresponding mutants.](exbotj_ert036_f0002){#F2}

Flowering time analysis at 23 °C under long-day conditions {#s10}
----------------------------------------------------------

The flowering time of all 63 mutants under long-day conditions at 23 °C ([Table 1](#T1){ref-type="table"}) was measured by counting the number of leaves at flowering. Among the six single mutants, only *ft-10* and *tfl1-20* plants showed late (*ft-10*, 36.1±2.6 leaves) and early (*tfl1-20*, 9.6±0.7 leaves) flowering, respectively, compared to wild-type plants (13.8±0.8 leaves). However, the flowering time of *tsf-1* (14.3±0.6 leaves), *mft-2* (15.3±0.5 leaves), *bft-2* (13.8±1.1 leaves), and *atc-2* (13.6±1.4 leaves) mutants was not significantly different from that of wild-type plants, consistent with previous observations ([@CIT0041]; [@CIT0059]; [@CIT0055]; [@CIT0057]).

###### 

Flowering time of the *FT/TFL1* family mutants under long-day conditions. CL, cauline leaves; ND, not determined; RL, rosette leaves; TL, total number of leaves.

  Genotype                                  23 °C      16 °C      Leaf number ratio (16 °C/23 °C)                                    
  ----------------------------------------- ---------- ---------- --------------------------------- ---------- ---------- ---------- -----
  Col-0                                     11.0±0.8   2.8±0.4    13.8±0.8                          23.8±1.9   3.3±0.7    27.2±1.8   2.0
  *ft-10*                                   27.8±2.4   8.2±0.7    36.1±2.6                          42.7±3.3   7.7±0.5    50.5±3.5   1.4
  *tsf-1*                                   11.4±0.7   2.8±0.6    14.3±0.6                          21.7±1.2   5.8±0.7    27.4±1.6   1.9
  *mft-2*                                   12.3±0.5   3.0±0.0    15.3±0.5                          24.1±2.7   7.5±1.2    31.6±3.9   2.1
  *tfl1-20*                                 8.6±0.7    1.0±0.0    9.6±0.7                           11.7±1.3   0.6±0.5    12.4±1.1   1.3
  *atc-2*                                   11.1±1.1   2.5±0.5    13.6±1.4                          20.3±1.4   5.1±0.9    25.5±2.1   1.9
  *bft-2*                                   11.2±0.8   2.6±0.7    13.8±1.0                          19.3±1.9   6.3±1.2    25.6±2.6   1.9
  *ft-10 tsf-1*                             43.2±3.5   13.0±2.3   56.2±4.4                          47.7±2.2   11.7±2.5   59.5±3.2   1.1
  *ft-10 mft-2*                             28.6±2.8   8.5±1.7    37.1±4.5                          37.8±3.0   7.6±1.1    45.5±3.8   1.2
  *ft-10 tfl1-20*                           25.4±2.2   7.5±1.0    32.9±2.9                          29.0±1.7   6.7±0.9    35.7±2.0   1.1
  *ft-10 atc-2*                             28.8±3.0   7.7±1.3    36.5±3.8                          34.0±1.6   7.1±1.4    41.1±2.4   1.1
  *ft-10 bft-2*                             24.8±3.3   8.7±1.6    33.5±4.3                          33.4±2.6   8.6±1.5    42.0±3.9   1.3
  *tsf-1 mft-2*                             13.6±1.7   4.1±0.8    17.7±2.4                          23.6±3.4   6.7±0.5    30.3±3.9   1.7
  *tsf-1 tfl1-20*                           9.5±0.7    1.3±0.7    10.8±0.9                          13.5±1.6   0.3±0.5    13.8±1.7   1.3
  *tsf-1 atc-2*                             11.4±0.7   2.8±0.6    14.2±0.6                          21.3±1.8   5.1±0.6    26.4±1.9   1.9
  *tsf-1 bft-2*                             11.4±0.7   2.7±0.6    14.2±1.2                          20.1±1.2   5.4±0.8    25.6±1.6   1.8
  *mft-2 tfl1-20*                           8.6±0.9    1.3±0.6    10.0±1.5                          15.3±1.4   0.5±0.5    15.8±1.3   1.6
  *mft-2 atc-2*                             11.9±1.0   2.6±0.5    14.5±1.3                          28.8±1.7   8.4±1.4    37.3±2.7   2.6
  *mft-2 bft-2*                             11.5±0.7   2.2±0.4    13.7±1.0                          23.5±1.2   6.9±0.5    30.4±1.2   2.2
  *tfl1-20 atc-2*                           9.1±0.6    1.4±0.5    10.5±0.8                          12.8±0.8   1.3±0.7    14.1±0.9   1.3
  *tfl1-20 bft-2*                           8.3±0.6    1.0±0.4    9.3±0.6                           12.5±1.1   0.7±0.8    13.3±1.1   1.4
  *atc-2 bft-2*                             10.9±0.6   2.6±0.7    13.5±0.5                          23.0±1.3   5.9±0.7    28.8±1.7   2.1
  *ft-10 tsf-1 mft-2*                       46.1±2.8   13.5±1.5   59.6±3.3                          56.7±2.1   11.3±0.5   68.0±2.6   1.1
  *ft-10 tsf-1 tfl1-20*                     37.6±2.6   10.7±2.8   48.3±3.5                          39.8±2.6   7.1±0.6    47.0±2.8   1.0
  *ft-10 tsf-1 atc-2*                       42.5±5.4   8.0±1.8    50.5±6.4                          51.7±4.0   9.5±1.0    61.2±4.8   1.2
  *ft-10 tsf-1 bft-2*                       40.1±1.6   12.0±1.3   52.1±2.2                          40.8±1.3   11.5±1.5   52.4±1.6   1.0
  *ft-10 mft-2 tfl1-20*                     28.5±0.6   7.8±1.0    36.3±2.3                          29.8±0.7   7.0±1.1    36.8±1.2   1.0
  *ft-10 mft-2 atc-2*                       26.4±1.7   9.0±1.0    35.4±2.4                          39.8±2.6   9.2±0.9    49.1±3.0   1.4
  *ft-10 mft-2 bft-2*                       26.6±0.6   7.9±1.2    34.5±3.4                          47.0±1.0   7.0±0.0    54.0±1.0   1.6
  *ft-10 tfl1-20 atc-2*                     21.0±2.2   6.6±1.0    27.6±2.8                          34.5±2.5   7.0±1.1    41.5±1.9   1.5
  *ft-10 tfl1-20 bft-2*                     23.2±2.2   6.2±0.7    29.4±2.4                          29.1±2.0   4.7±2.0    33.9±2.7   1.1
  *ft-10 atc-2 bft-2*                       26.0±1.7   8.7±0.6    34.7±2.3                          33.7±1.5   8.7±1.2    42.4±2.2   1.2
  *tsf-1 mft-2 tfl1-20*                     9.1±1.2    0.9±0.3    10.0±1.1                          13.1±1.7   1.9±0.7    15.0±2.3   1.5
  *tsf-1 mft-2 atc-2*                       12.5±1.2   2.9±0.3    15.3±1.3                          23.8±2.2   6.2±0.4    30.0±2.3   1.9
  *tsf-1 mft-2 bft-2*                       12.6±1.1   2.9±0.7    15.6±1.5                          21.8±2.1   5.6±0.8    27.5±2.9   1.8
  *tsf-1 tfl1-20 atc-2*                     9.8±1.0    0.7±0.5    10.5±1.2                          10.9±0.7   0.7±0.8    11.6±0.8   1.1
  *tsf-1 tfl1-20 bft-2*                     9.5±3.3    1.3±0.6    10.8±3.2                          10.0±1.2   0.1±0.3    10.1±1.3   0.9
  *tsf-1 atc-2 bft-2*                       12.2±1.2   3.1±0.8    15.3±1.8                          21.3±0.9   4.8±0.6    26.1±0.8   1.7
  *mft-2 tfl1-20 atc-2*                     8.2±1.4    0.9±0.3    9.1±1.7                           14.1±0.9   1.7±0.5    15.8±1.1   1.7
  *mft-2 tfl1-20 bft-2*                     8.4±0.7    1.1±0.6    9.5±1.0                                      ND                    ND
  *mft-2 atc-2 bft-2*                       14.0±1.4   3.4±0.9    17.4±1.9                          25.2±1.5   7.3±0.9    32.4±2.2   1.9
  *tfl1-20 atc-2 bft-2*                     7.8±1.0    0.7±0.5    8.5±1.5                           11.3±0.9   1.3±0.5    12.6±1.1   1.5
  *ft-10 tsf-1 mft-2 tfl1-20*               39.3±2.5   5.4±0.6    44.7±2.4                                     ND                    ND
  *ft-10 tsf-1 mft-2 atc-2*                 40.1±2.3   12.4±1.9   52.5±4.2                          48.1±1.4   12.7±0.8   60.8±1.3   1.2
  *ft-10 tsf-1 mft-2 bft-2*                 40.1±2.6   11.7±2.3   51.8±4.9                          47.1±1.6   11.2±0.7   58.3±1.5   1.1
  *ft-10 tsf-1 tfl1-20 atc-2*               37.8±2.9   11.0±2.8   48.8±5.7                          39.3±1.8   9.7±0.7    49.0±1.7   1.0
  *ft-10 tsf-1 tfl1-20 bft-2*               41.8±1.6   9.4±0.8    51.2±2.4                          41.8±1.6   9.4±0.8    51.3±2.1   1.0
  *ft-10 tsf-1 atc-2 bft-2*                 35.6±4.7   11.6±1.7   47.2±5.4                          34.5±4.4   6.1±1.2    40.7±5.2   0.9
  *ft-10 mft-2 tfl1-20 atc-2*               21.7±1.6   6.5±0.8    28.2±2.3                          30.0±3.6   6.2±0.9    36.2±4.1   1.3
  *ft-10 mft-2 tfl1-20 bft-2*               23.2±1.4   6.9±1.0    30.2±2.1                          27.5±1.7   5.7±1.6    33.2±2.7   1.1
  *ft-10 mft-2 atc-2 bft-2*                 28.6±4.1   5.5±1.9    34.1±4.5                                     ND                    ND
  *ft-10 tfl1-20 atc-2 bft-2*               20.0±1.8   6.5±0.8    26.5±2.3                          29.3±1.7   8.0±0.6    37.3±2.1   1.4
  *tsf-1 mft-2 tfl1-20 atc-2*               9.2±0.6    1.3±0.5    10.5±0.8                          14.1±1.3   1.4±0.5    15.5±1.1   1.5
  *tsf-1 mft-2 tfl1-20 bft-2*               8.9±0.8    1.0±0.0    9.9±0.8                           14.2±1.5   1.4±0.5    15.6±1.4   1.6
  *tsf-1 mft-2 atc-2 bft-2*                 15.5±1.0   4.2±1.3    19.7±1.0                          23.2±2.7   5.0±1.6    28.2±4.0   1.4
  *tsf-1 tfl1-20 atc-2 bft-2*               8.9±0.6    1.0±0.0    9.9±0.6                           12.7±1.4   1.3±0.5    14.0±1.6   1.4
  *mft-2 tfl1-20 atc-2 bft-2*               8.1±1.1    1.0±0.4    9.1±1.0                           12.9±1.6   1.4±0.7    14.2±1.5   1.6
  *ft-10 tsf-1 mft-2 tfl1-20 atc-2*         40.8±4.3   10.8±1.5   51.6±5.8                          39.2±2.8   7.6±0.9    46.8±2.9   0.9
  *ft-10 tsf-1 mft-2 tfl1-20 bft-2*         34.7±4.5   10.0±3.4   44.7±7.4                          41.2±2.3   9.8±1.0    51.1±2.7   1.1
  *ft-10 tsf-1 mft-2 atc-2 bft-2*           33.1±2.6   11.4±2.1   44.5±3.3                          47.1±1.4   9.5±1.9    56.7±1.6   1.3
  *ft-10 tsf-1 tfl1-20 atc-2 bft-2*         31.0±1.9   7.4±1.1    38.4±2.4                          39.1±1.1   8.0±1.0    47.1±1.3   1.2
  *ft-10 mft-2 tfl1-20 atc-2 bft-2*         21.5±1.8   6.9±1.1    28.3±2.2                          35.8±2.7   7.5±1.1    43.3±2.8   1.5
  *tsf-1 mft-2 tfl1-20 atc-2 bft-2*         8.1±1.1    0.6±0.7    8.7±1.1                           11.0±1.4   1.0±0.7    12.0±1.4   1.4
  *ft-10 tsf-1 mft-2 tfl1-20 atc-2 bft-2*   39.3±4.5   9.4±1.9    48.7±6.5                          38.0±1.1   7.4±2.0    45.1±2.4   1.0

The effect of introducing each mutation to another mutation on flowering time was analysed by measuring the difference in leaf numbers at flowering between mutants with or without the mutation: for instance, the effect of the introduction of *ft-10* into *tfl1-20* was calculated thus: *ft-10 tfl1-20* (32.9 leaves) -- *tfl1-20* (9.6 leaves) = 23.3 leaves. Introducing *ft-10* generally delayed flowering time regardless of the genotype ([Fig. 3A](#F3){ref-type="fig"}); however, a group of mutants apparently exhibited even more delayed flowering (red arrows in [Fig. 3A](#F3){ref-type="fig"}). For instance, among double mutants, *ft-10 tsf-1* mutants (56.2±4.4 leaves) flowered significantly later than other double mutants (*ft-10 mft-2*, 37.1±4.5 leaves; *ft-10 tfl1-20*, 32.9±2.9 leaves; *ft-10 atc-2*, 36.5±3.8 leaves; and *ft-10 bft-2*, 33.5±4.3 leaves). Among triple mutants, *ft-10 tsf-1 mft-2* (59.6±3.3 leaves), *ft-10 tsf-1 bft-2* (52.1±2.2 leaves), *ft-10 tsf-1 tfl1-20* (48.3±3.5 leaves), and *ft-10 tsf-1 atc-2* (50.5±6.4 leaves) mutants flowered significantly later than other triple mutants. The same is also true for quadruple and quintuple mutants. These results demonstrated that *ft-10* caused a severe delay when combined with *tsf-1*, which strongly supports the observation that an additive delay was seen in *ft-1 tsf-1* double mutants ([@CIT0055]). Interestingly, the increase in the number of leaves at flowering caused by the introduction of *ft-10* is similar in all mutant combinations. The introduction of *ft-10* into any genotype with *tsf-1* or without *tsf-1* caused a flowering time delay of 36.7±4.3 and 21.2±2.5 leaves, respectively ([Fig. 3B](#F3){ref-type="fig"}).

![Leaf number changes caused by the introduction of each mutation at 23 °C under long-day conditions. (A, C, E, G, I, and K) The effect of introducing *ft-10* (A), *tsf-1* (C), *mft-2* (E), *tfl1-20* (G), *atc-2* (I), and *bft-2* (K); the arrows indicate leaf number changes after addition of a certain mutation to a genotype. (B, D, F, H, J, and L) Leaf number changes caused by the introduction of a single mutation in mutants containing (+) or not containing (--) another mutation: (B) introduction of *ft-10* into mutants with or without *tsf-1*; (D) introduction of *tsf-1* into mutants with or without *ft-10*; (F) introduction of *mft-2* into mutants with or without *tfl1-20*; (H) introduction of *tfl1-20* into mutants with or without *ft-10 tsf-1 atc-2*; (J) introduction of *atc-2* into mutants with or without *ft-10*; (L) introduction of *bft-2* into mutants with or without *ft-10.*](exbotj_ert036_f0003){#F3}

Introducing *tsf-1* generally showed no effect or only weak effect (black arrows in [Fig. 3C](#F3){ref-type="fig"}). However, the introduction of *tsf-1* into a genotype that already contained *ft-10* dramatically delayed flowering (red arrows in [Fig. 3C](#F3){ref-type="fig"}). As already mentioned, increase in the number of leaves caused by the introduction of *tsf-1* into a genotype containing *ft-10* was similar. The introduction of *tsf-1* into any genotype with or without *ft-10* caused a flowering time delay of 16.1±3.2 and 1.0±0.9 leaves, respectively ([Fig. 3D](#F3){ref-type="fig"}).

The introduction of *mft-2* did not induce a dramatic alternation in flowering time. Although *MFT* is suggested to act as a flowering activator based on an overexpression study ([@CIT0059]), a slight increase in leaf number caused by introduction of *mft-2* was only observed in *tsf-1 mft-2*, *mft-2 atc-2 bft-2*, *ft-10 tsf-1 mft-2 bft-2*, and *tsf-1 mft-2 atc-2 bft-2* mutants (red arrows in [Fig. 3E](#F3){ref-type="fig"}). The significant decrease of leaf number by *mft-2* was observed only in *ft-10 mft-2 tfl1-20 atc-2* mutants (blue arrows in [Fig. 3E](#F3){ref-type="fig"}). The introduction of *mft-2* in some mutants containing *tfl1-20* appeared to have a weak effect; however, an analysis of leaf number changes by *mft-2* revealed an insignificant difference between mutants that did or did not contain *tfl1-20* ([Fig. 3F](#F3){ref-type="fig"}).

Introduction of *tfl1-20* caused a general decrease in leaf number (red arrows in [Fig. 3G](#F3){ref-type="fig"}). For instance, introducing *tfl1-20* into *tsf-1 mft-2 bft-2* mutants caused slightly earlier flowering (from 15.6 to 9.2 leaves). Interestingly, introduction of *tfl1-20* into the *ft-10 tsf-1 atc-2* mutants failed to accelerate flowering (black arrows in [Fig. 3E](#F3){ref-type="fig"}). Flowering time of *ft-10 tsf-1 atc-2* and *ft-10 tsf-1 tfl1-20 atc-2* mutants was similar (50.5 versus 48.8 leaves). The introduction of *tfl1-20* into any genotype without *ft-10 tsf-1 atc-2* reduced flowering time by 5.7±2.8 leaves, whereas the introduction of *tfl1-20* into any genotype with *ft-10 tsf-1 atc-2* produced no significant change in leaf number ([Fig. 3H](#F3){ref-type="fig"}).

The effect of the introduction of *atc-2* and *bft-2* was similar ([Fig. 3I](#F3){ref-type="fig"}, [K](#F3){ref-type="fig"}) and generally caused weak acceleration of flowering only in the mutants containing *ft-10*. In mutants without *ft-10*, the introduction of *atc-2* and *bft-2* had only a minor acceleration of flowering. The introduction of *atc-2* into the genotypes with *ft-10* caused a slight decrease in leaf number (2.3±3.8 leaves) ([Fig. 3J](#F3){ref-type="fig"}). Similarly, the introduction of *bft-2* into the genotypes with *ft-10* caused a slight decrease in leaf number (3.7±2.7 leaves) ([Fig. 3L](#F3){ref-type="fig"}). In contrast, the introduction of *atc-2* or *bft-2* into the genotypes without *ft-10* did not cause an apparent alteration in flowering time.

Under long-day conditions at 23 °C, *ft-10 tsf-1 mft-2* mutants flowered the latest (59.6±3.3 leaves), and *tfl1-20 atc-2 bft-2* mutants flowered the earliest (8.5±1.5 leaves) ([Table 1](#T1){ref-type="table"}).

Flowering time analysis at 16 °C under long-day conditions {#s11}
----------------------------------------------------------

The flowering time also measured at 16 °C under long-day conditions. Among single mutants, altered flowering time was only seen in *ft-10* (50.5±3.5 leaves) and *tfl1-20* plants (12.4±1.1 leaves), compared to wild-type plants (27.2±1.8 leaves) ([Table 1](#T1){ref-type="table"}). Flowering time of *tsf-1*, *mft-2*, *atc-2*, and *bft-2* single mutants was similar to that of wild-type plants, which was similar to that seen at 23 °C ([Fig. 3](#F3){ref-type="fig"}).

The effect of introducing each mutation on flowering time at 16 °C was analysed by calculating the difference of leaf numbers between mutants with or without the mutation at flowering ([Fig. 4](#F4){ref-type="fig"}). Introducing *ft-10* generally delayed flowering time regardless of genotype. Introduction of *ft-10* into mutants containing *tsf-1* generally led to very delayed flowering at 16 °C (red arrows in [Fig. 4A](#F4){ref-type="fig"}), similar to flowering at 23 °C; however, its effect at 16 °C was not as distinct as at 23 °C. In spite of the absence of *tsf-1*, some mutants (e.g. *ft-10 mft-2 atc-2*) flowered as late as mutants carrying both *ft-10* and *tsf-1*. Among double mutants, *ft-10 tsf-1* mutants (59.5±3.2 leaves) flowered significantly later than other double mutants (*ft-10 mft-2*, 45.4±3.8 leaves; *ft-10 tfl1-20*, 35.7±2 leaves; *ft-10 atc-2*, 41.1±2.4 leaves; and *ft-10 bft-2*, 42±3.9 leaves). Among triple mutants, *ft-10 tsf-1 mft-2* (68.0±2.6 leaves), *ft-10 tsf-1 bft-2* (52.4±1.6 leaves), *ft-10 tsf-1 atc-2* (61.2±4.8 leaves), and *ft-10 mft-2 bft-2* (54.0±1.0 leaves) mutants flowered significantly later than other triple mutants.

![Leaf number changes caused by the introduction of each mutation at 16 °C under long-day conditions. (A, C, E, F, G, and H) The effect of introducing *ft-10* (A), *tsf-1* (C), *mft-2* (E), *tfl1-20* (F), *atc-2* (G), and *bft-2* (H); the arrows indicate leaf number changes after addition of a certain mutation to a genotype. (B and D) Leaf number changes caused by the introduction of a single mutation in mutants containing (+) or not containing (--) another mutation: (B) introduction of *ft-10* into mutants with or without *tsf-1*; (D) introduction of *tsf-1* into *ft-10*.](exbotj_ert036_f0004){#F4}

The introduction of *ft-10* into the mutants with *tsf-1* caused a delay in flowering time (29.0±6.4 leaves), whereas the introduction of *ft-10* into genotypes without *tsf-1* caused a smaller delay in flowering time (15.5±7.0 leaves) ([Fig. 4B](#F4){ref-type="fig"}). Considering that the introduction of *ft-10* into any genotype led to a clearer difference depending on the presence of the *tsf-1* mutation at 23 °C ([Fig. 3B](#F3){ref-type="fig"}), this indicated that the additive effect of *ft-10* and *tsf-1* is diminished at 16 °C.

Introducing *tsf-1* into a genotype that contained *ft-10* delayed flowering with wide variation (red arrows in [Fig. 4C](#F4){ref-type="fig"}). However, introducing *tsf-1* into the genotypes without *ft-10* showed slight acceleration of flowering or no clear effect (black arrows in [Fig. 4C](#F4){ref-type="fig"}). The introduction of *tsf-1* into a genotype with or without *ft-10* caused a delay in flowering time (9.2±8.0 leaves) and no clear effect (--1.6±2.3 leaves), respectively ([Fig. 4D](#F4){ref-type="fig"}). This result indicated that the additive effect of *ft-10* and *tsf-1* at 16 °C was not as clear as at 23 °C.

The introduction of *mft-2* did not cause a dramatic change in flowering time at 16 °C ([Fig. 4E](#F4){ref-type="fig"}). A significant delay in flowering caused by *mft-2* was observed only in *mft-2 atc-2*, *ft-10 mft-2 bft-2*, *ft-10 mft-2 atc-2*, and *ft-10 tsf-1 mft-2 atc-2 bft-2* mutants (red arrows in [Fig. 4E](#F4){ref-type="fig"}), which showed no change from addition of *mft-2* at 23 °C. Conversely, *ft-10 mft-2 tfl1-20 atc-2* mutants, which showed a significant decrease in leaf number by addition of *mft-2* at 23 °C, did not show an apparent alternation in flowering at 16 °C.

The introduction of *tfl1-20* caused a dramatic decrease in leaf number (red arrows in [Fig. 4F](#F4){ref-type="fig"}), except for the introduction of *tfl1-20* into *ft-10 atc*-2, *ft-10 tsf-1 bft-2*, *ft-10 tsf-1 atc-2 bft-2*, and *ft-10 mft-2 atc-2 bft-2* mutants (black arrows in [Fig. 4F](#F4){ref-type="fig"}). Although introducing *tfl1-20* into *ft-10* mutants caused only slightly early flowering (from 36.1 to 32.9 leaves) at 23 °C, more apparent acceleration in flowering by the introduction of *tfl1-20* was observed in *ft-10 tfl1-20* double mutants (from 50.5 to 35.7 leaves) at 16 °C. The same is also true for *ft-10 tsf-1 tfl1-20*, *ft-10 mft-2 tfl1-20 bft-2*, and *ft-10 tsf-1 mft-2 tfl1-20 atc-2 bft-2* mutants. This suggested that the effect of *tfl1-20* on the control of flowering time is ambient temperature dependent.

The introduction of *atc-2* and *bft-2* had little effect on flowering time at 16 °C. The acceleration of flowering time by introduction of *atc-2* was seen only in some mutants ([Fig. 4G](#F4){ref-type="fig"}). For instance, the introduction of *atc-2* into the *ft-10*, *ft-10 tsf-1 bft-2*, and *ft-10 mft-2 bft-2* backgrounds decreased leaf number at flowering by 9.4, 11.7, and 22.5 leaves, respectively. In contrast, introducing *atc-2* into some mutants such as *mft-2*, *ft-10 tfl1-20*, and *ft-10 mft-2 tfl1-20 bft-2* rather increased leaf number. The remaining mutants did not show a clear alteration (0.4±2.4 leaves). The introduction of *bft-2* had only a minor effect in accelerating flowering at 16 °C. In spite of the suggested role of *BFT* as a flowering repressor, only some mutants, such as *ft-10 mft-2 bft-2* (+15.7 leaves) and *ft-10 mft-2 tfl1-20 atc-2 bft-2* (+7.1 leaves), showed a delay in flowering that was increased by addition of *bft-2* (red arrows in [Fig. 4H](#F4){ref-type="fig"}).

tfl1-20 strongly accelerated flowering at 16 °C {#s12}
-----------------------------------------------

The change in leaf numbers in response to the introduction of each single mutation was next compared at 23 and 16°C to examine the effect at different ambient temperatures ([Fig. 5](#F5){ref-type="fig"}). The introduction of *ft-10* caused a severe delay in flowering time (ranging from 18.1 to 41.9 leaves) at 23 °C. The flowering response was clearly divided into two categories, namely with (open box in [Fig. 5](#F5){ref-type="fig"}) or without *tsf-1*. However, at 16 °C, the delay in flowering by *ft*-*10* mutation was attenuated and the additive delay by combination of *ft-10* and *tsf-1* was less distinct. The introduction of *tsf-1* caused no delay on its own but significant flowering time delay when combined with *ft-10* (grey box in [Fig. 5](#F5){ref-type="fig"}) at both 23 and 16°C. *mft-2* did not induce an apparent effect at either temperature, although there were a few mutants that showed a strong effect of *mft-2* at 16 °C. The introduction of *tfl1-20* caused a weak acceleration in flowering time at 23 °C (--4.7 leaves in average). A particularly interesting observation was that *tfl1-20* had a stronger effect at 16 °C (--11.6 leaves in average) (horizontal bar in [Fig. 5](#F5){ref-type="fig"}). Most mutants containing *atc-2* or *bft-2* did not show a clear alteration in flowering time at both temperatures. This comparison revealed that *FT*, *TSF*, and *TFL1* play an important role in ambient temperature-responsive flowering and that the effect of *tfl1-20* was stronger at 16 °C.

![Plotting of leaf number changes in all mutant combinations caused by introduction of each single mutation at 23 and 16°C. Open boxes indicate leaf number changes by *ft-10* in the presence of *tsf-1* (except *ft-10 mft-2 bft-2* mutants at 16 °C). Grey boxes indicate leaf number changes caused by *tsf-1* in the presence of *ft-10* (except *ft-10 tsf-1 mft-2 bft-2*, *ft-10 tsf-1 atc-2 bft-2*, and *ft-10 tsf-1 mft-2 tfl1-20* mutants at 16 °C). Horizontal bars indicate the average leaf number changes caused by the introduction of each mutation: note that *tfl1-20* and *tsf-1* caused a stronger effect at 16 °C than at 23 °C (black bars, *P* \< 0.05), and that *ft-10*, *mft-2*, *atc-2*, and *bft-2* did not show a clear effect (grey bars).](exbotj_ert036_f0005){#F5}

tsf-1 caused reduced sensitivity to ambient temperature-responsive flowering {#s13}
----------------------------------------------------------------------------

The effect of introducing each mutation on the response to ambient temperature was analysed by measuring the leaf number ratio (LNR, 16 °C/23 °C). *FT* is suggested to be an important mediator of flowering time in the response to ambient temperature, since the LNR of *ft-10* single mutants was reduced comparing to that of wild-type plants ([@CIT0036]). Introducing *ft-10* generally decreased LNR. The LNR of all mutants containing *ft*-*10* was lower than that of wild-type plants ([Fig. 6A](#F6){ref-type="fig"}). The average LNR of all mutant combinations containing *ft-10* was 1.2. Noticeably, the LNR of *ft-10 tsf-1*, *ft-10 tsf-1 bft-2*, *ft-10 tsf-1 tfl1-20*, *ft-10 mft-2 tfl1-20*, *ft-10 tsf-1 tfl-20 atc-2*, and *ft-10 tsf-1 mft-2 tfl1-20 atc-2 bft-2* mutants was near 1.0, suggesting that they showed a flowering phenotype insensitive to ambient temperature changes. The hypersensitive flowering response to ambient temperature changes of *mft-2 atc-2* mutants (LNR 2.6) was also significantly suppressed by the introduction of *ft-10* (*ft-10 mft-2 atc-2* LNR 1.4). This analysis demonstrated that *ft-10* has a strong effect on reducing ambient temperature sensitivity.

![Changes in leaf number ratios (16 °C/23 °C) by the introduction of mutations *ft-10* (A), *tsf-1* (B), *mft-2* (C), *tfl1-20* (D), *atc-2* (E), and *bft-2*(F). Arrows indicate the changes in leaf number ratios after addition of a certain mutation into a genotype.](exbotj_ert036_f0006){#F6}

Interestingly, the introduction of *tsf-1* into other mutants caused a general decrease in LNR ([Fig. 6B](#F6){ref-type="fig"}), independent of the presence of *ft*-*10*, although *tsf-1* on its own failed to change ambient temperature sensitivity (LNR 1.9). Introducing *tsf-1* in some genotypes induced a dramatic decrease in LNR (more than --0.5). These include *tsf-1 mft-2 bft-2* (change in LNR --0.5), *ft-10 tsf-1 mft-2 bft-2* (--0.7), and *ft-10 tsf-1 mft-2 tfl1-20 atc-20* (--0.5). The general reduction in LNR by *tsf-1* suggested that *TSF* plays a role in the regulation of ambient temperature-responsive flowering.

Introducing *mft-2* caused a slight increase in LNR ([Fig. 6C](#F6){ref-type="fig"}). For instance, the increase in LNR of *mft-2 atc-2* and *ft-10 mft-2 bft-2* mutants by introduction of *mft-2* was 0.7 and 0.5, respectively. An interesting observation was that introducing *mft-2* even increased the LNR of mutants containing *tfl1-20*. The increase in LNR of *mft-2 tfl1-20*, *mft-2 tfl1-20 atc-2*, *tsf-1 mft-2 tfl1-20 bft-2*, and *ft-10 tsf-1 mft-2 atc-2 bft-2* was 0.3, 0.4, 0.8, and 0.4, respectively. Although *tfl1-20* is known to induce ambient temperature-insensitive flowering ([@CIT0048]), *mft-2* weakly suppressed the effect of *tfl1-20* in ambient temperature-responsive flowering.

Introducing *tfl1-20* caused a general decrease in LNR ([Fig. 6D](#F6){ref-type="fig"}). For instance, the decrease in LNR in *tsf-1 tfl1-20*, *tsf-1 bft-2 tfl1-20*, and *tsf-1 mft-2 tfl1-20 atc-2* mutants by introduction of *tfl1-20* was 0.6, 0.9, and 0.5, respectively. However, the introduction of *tfl1-20* into a genotype that already contained *ft-10 tsf-1* had a weak effect. The decrease in LNR in *ft-10 tsf-1 tfl1-20* and *ft-10 tsf-1 tfl1-20 bft-2* mutants by introduction of *tfl1-20* was 0.1 and 0.1, respectively. This suggested that ambient temperature-insensitive flowering of mutants containing *ft-10* and *tsf-1* was not strongly enhanced by *tfl1-20*.

Introducing *atc-2* and *bft-2* did not produce a clear pattern in response to ambient temperature changes ([Fig. 6E](#F6){ref-type="fig"} and [F](#F6){ref-type="fig"}). Some mutants showed an increase in LNR caused by the introduction of *atc-2* (*mft-2 atc-2*, LNR 0.5; *tsf-1 mft-2 atc-2*, LNR 0.3; and *tsf-1 tfl1-20 atc-2 bft-2*, LNR 0.5) ([Fig. 6E](#F6){ref-type="fig"}). In contrast, some mutants showed a decrease in LNR caused by the introduction of *atc-2* (*ft-10 mft-2*, LNR --0.3; *mft-2 atc-2 bft-2*, LNR --0.4; and *tsf-1 mft-2 atc-2 bft-2*, LNR --0.3). No significant change was observed by introducing *bft-2* in any double mutants. But among triple mutants and other higher-order mutants, the effect of introducing *bft-2* appeared to be dependent on *ft-10* and *tfl1-20*, which caused weak temperature insensitivity. The introduction of *bft-2* into a genotype containing *ft-10* or *tfl1-20* caused an increase in LNR ([Fig. 6F](#F6){ref-type="fig"}). The increase of LNR in *ft-10 mft-20 bft-2* and *ft-10 mft-2 atc-2 bft-2* mutants by introduction of *bft-2* was 0.6 and 0.3, respectively. However, the introduction of *bft-2* into the other genotypes that were sensitive to ambient temperatures produced a decrease in LNR.

The LNR of *ft-10* single mutants was 1.4, but the LNRs of the double mutants were even lower than that of *ft-10* single mutants. The LNRs of *ft-10 bft-2*, *ft-10 mft-2*, *ft-10 atc-2*, *ft-10 tfl1-20*, and *ft-10 tsf-1* double mutants were 1.3, 1.2, 1.1, 1.1, and 1.1, respectively ([Table 1](#T1){ref-type="table"}). This indicated that the addition of a mutation in any *FT/TFL1* family member into the *ft-10* mutant background reduced sensitivity to ambient temperature-responsive flowering. However, such an additive effect was not seen in other single-mutant backgrounds. This suggested that *FT* plays a redundant role with other *FT/TFL1* family genes in ambient temperature-responsive flowering.

Taken together, these results show that, for ambient temperature-responsive flowering, the introduction of *ft-10*, *tfl1-20*, and *tsf-1* caused flowering to be less sensitive to ambient temperatures. However, the introduction of *mft-2*, *bft-2*, and *atc-2* did not show a clear general pattern.

miR156 overexpression in ft-10 tsf-1 mft-2 tfl1-20 atc-2 bft-2 sextuple mutants {#s14}
-------------------------------------------------------------------------------

These genetic analyses revealed that *Arabidopsis* plants flowered in the absence of all *FT/TFL1* family genes, suggesting that *FT/TFL1* family genes are not essential for flowering. This further suggested a possibility that there is an *FT/TFL1*-independent pathway to induce flowering. One such pathway may include miR156, which delays flowering time by negatively regulating *SPL* genes ([@CIT0051]; [@CIT0021]). Thus, this study tested whether the introduction of miR156 into our *ft-10 tsf-1 mft-2 tfl1-20 atc-2 bft-2* sextuple mutants blocks flowering. For this experiment, the *35S::miR156a* construct was introduced into the sextuple mutants and wild-type plants by *Agrobacterium*-mediated transformation. The introduction of *35S::miR156* into wild-type plants and sextuple mutants caused a general delay in flowering. The distribution of flowering times of *35S::miR156a* and *35S::miR156a ft-10 tsf-1 mft-2 tfl1-20 atc-2 bft-2* plants in the T1 generation is shown ([Supplementary Fig. S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert036/-/DC1)). This study selected a line that showed strong late flowering and confirmed miR156 overexpression in transgenic plants (approximately 5-fold) ([Fig. 7A](#F7){ref-type="fig"}).

![Flowering phenotype of *35S::miR156a ft-10 tsf-1 mft-2 tfl1-20 atc-2 bft-2* mutants under long-day conditions. (A and B) Small RNA blots showing expression levels of miR156 in transgenic plants generated in this study (*35S::miR156a* plants and *35S::miR156a ft-10 tsf-1 mft-2 tfl1-20 atc-2 bft-2* mutants) (A) and in single mutants (B); U6 RNA served as a loading control ([@CIT0031]). (C and D) Flowering time (C) and morphology (D) of *35S::miR156a ft-10 tsf-1 mft-2 tfl1-20 atc-2 bft-2* mutants under long-day conditions. Note multiple rosettes generated from *35S::miR156a ft-10 tsf-1 mft-2 tfl1-20 atc-2 bft-2* mutants (arrows). Total leaf number of *ft-10 tsf-1 mft-2 tfl1-20 atc-2 bft-2* mutants in (C) came from [Table 1](#T1){ref-type="table"}.](exbotj_ert036_f0007){#F7}

To exclude the possibility that the *FT/TFL1* family genes regulate miR156 expression, small RNA blot analysis was performed for each single mutant. The results indicated that miR156 expression was not altered in any single mutant ([Fig. 7B](#F7){ref-type="fig"}). However, the miR156 level in the sextuple mutants was slightly higher than that of wild-type plants ([Fig. 7A](#F7){ref-type="fig"}), suggesting a possibility that miR156 expression is negatively affected by combined mutations in the *FT/TFL1* family.

Interestingly, *35S::miR156a ft-10 tsf-1 mft-2 tfl1-20 atc-2 bft-2* plants still flowered, but later than that of *ft-10 tsf-1 mft-2 tfl1-20 atc-2 bft-2* and *35S::miR156a* plants. *35S::miR156a ft-10 tsf-1 mft-2 tfl1-20 atc-2 bft-2* plants flowered with 58.1 leaves under long-day conditions, whereas *35S::miR156a* control plants flowered with 24.7 leaves under the same conditions ([Fig. 7C](#F7){ref-type="fig"}). Such late flowering was comparable to that seen in *ft-10 tsf-1 mft-2* mutants ([Table 1](#T1){ref-type="table"}). This study also observed that *35S::miR156a ft-10 tsf-1 mft-2 tfl1-20 atc-2 bft-2* plants frequently generated multiple rosettes with many secondary leaves ([Fig. 7D](#F7){ref-type="fig"}), although such phenotype was absent in the sextuple mutants.

Discussion {#s15}
==========

The *FT/TFL1* family encodes six important regulators (*FT*, *TSF*, *MFT*, *TFL1*, *ATC*, and *BFT*) that control flower development in *Arabidopsis*. This study constructed a comprehensive mutant set for this family, including the sextuple mutant, and measured the flowering time of each mutant. Lesions in all six *FT*/*TFL1* family genes and ectopic miR156 expression in the sextuple mutants did not inhibit flowering under long-day conditions. Also, *tsf-1* reduced sensitivity to ambient temperature changes and *tfl1-20* had a stronger effect at 16 °C than at 23 °C.

Flowering time studies of a subset of double and triple mutants have been reported ([@CIT0015]; [@CIT0055]; [@CIT0020]; [@CIT0002]; [@CIT0057]). The previous analyses using overexpression lines and a handful of mutants suggested that *FT*, *TSF*, and *MFT* are floral activators ([@CIT0023]; [@CIT0028]; [@CIT0059]) and that *TFL1*, *ATC*, and *BFT* are floral repressors ([@CIT0005]; [@CIT0041]; [@CIT0057]), and this study's analysis of flowering time provided conclusive evidence to support the notion. Among them, *FT* and *TFL1* exert a strong effect, whereas the contribution from other genes was minor. An excellent example was the flowering time of sextuple mutants. The *ft-10 tsf-1 mft-2* mutants flowered latest (59.6±3.3 leaves) and the *tfl1-20 atc-2 bft-2* mutants flowered earliest (8.5±1.5 leaves). The flowering time of *ft-10 tsf-1 mft-2 tfl1-20 atc-2 bft-2* mutants (48.7±6.5 leaves) was intermediate ([Table 1](#T1){ref-type="table"}).

An important question is which gene activates flowering in the sextuple mutants, because the sextuple mutants still flower and *ft-10 tsf-1 mft-2* mutants flowered later than *tfl1-20 atc-2 bft-2* mutants. This study measured expression levels of *SOC1*, *SPL3*, *FUL*, and *AP1* in the wild type, *ft-10 tsf-1 mft-2*, *tfl1-20 atc-2 bft-2*, and the sextuple mutants. Although *SOC1* and *FUL* mRNA levels were lower in *ft-10 tsf-1 mft-2* mutants, their mRNA levels in *tfl1-20 atc-2 bft-2* mutants were not significantly higher than those of wild-type plants ([Supplementary Fig. S2](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert036/-/DC1)). This suggested the possibility that *SOC1* and *FUL* did not activate flowering. *SPL3* mRNA levels seemed to be unaffected by these mutations. However, *AP1* transcript levels were significantly lower in *ft-10 tsf-1 mft-2* mutants, but higher in *tfl1-20 atc-2 bft-2* plants than in wild-type plants. These results suggested that increased *AP1* expression is responsible for the early flowering of *tfl1-20 atc-2 bft-2* plants. However, since this study tested a subset of flowering time genes, a genome-wide analysis would be necessary to identify the gene responsible for the flowering phenotype of the sextuple mutants.

One notable finding is that *tsf-1* reduces sensitivity to ambient temperature changes. It was previously suggested that under long-day conditions, *TSF* on its own did not play a role in regulating flowering time ([@CIT0040]; [@CIT0055]). However, the current data revealed that *tsf-1* reduced the temperature response even without *ft-10* ([Fig. 6B](#F6){ref-type="fig"}). This finding is consistent with this study group's previous proposal that the ambient temperature response is mediated by both *FT* and *TSF*, based on the weak effect of *ft-10* single mutation in ambient temperature-responsive flowering ([@CIT0036]). Indeed, the leaf number ratios of *ft-10 tsf-1* double mutants and higher-order mutants containing both *ft-10* and *tsf-1* were close to 1.0. Thus, it seems likely that *FT* and *TSF* act downstream of the thermosensory pathway ([@CIT0036]; [@CIT0031]; [@CIT0038]; [@CIT0029]). *TSF* plays a redundant role with *FT* under long-day conditions, mainly acts under short-day conditions ([@CIT0055]) and acts in response to cytokinin treatment ([@CIT0010]). This group's studies suggest an additional role for *TSF* under long-day conditions.

The observation that *tfl1-20* had a stronger effect at 16 °C than at 23 °C further supports Cerdán group's finding that *TFL1* may be a positive regulator of the response to low temperature ([@CIT0048]). They performed a modified gene set enrichment analysis and found that *TFL1* plays more general roles in the plant response to ambient temperature. How TFL1 regulates ambient temperature response is largely unknown, but its localization at the endomembrane compartment ([@CIT0046]) may provide a clue to its precise function. Membrane homeostasis including membrane thickness ([@CIT0009]) and membrane integrity ([@CIT0037]) is suggested to be a general cue for sensing temperature. Thus, the changes in biochemical properties of cell membrane lipids in response to ambient temperature changes may lead to alterations in the activity of a signalling molecule that regulates ambient temperature response. Considering that TFL1 is highly similar to an animal PEBP protein that encodes a Raf kinase inhibitor ([@CIT0056]), it is tempting to speculate that TFL1 may be involved in relay of temperature-responsive sensor kinase signalling ([@CIT0037]), which is associated with thermal control of membrane lipid homeostasis.

Another interesting observation was that *tfl1-20* did not accelerate flowering in the *ft-10 tsf-1 atc-2* background, although *tfl1-20* generally reduced the leaf number at flowering in almost all mutant combinations. This suggests that *FT*, *TSF*, and *ATC* are required for *TFL1* function in the regulation of flowering time. *ATC* was recently described as a short-day-induced floral inhibitor that is graft transmissible ([@CIT0019]). FT and TSF proteins interact with FD ([@CIT0001]; [@CIT0053]; [@CIT0020]), probably at the shoot apex. TFL1 protein also interacts with FD to transcriptionally repress flowering time genes that are induced by *FT* ([@CIT0014]). Thus, a possible scenario to explain the absence of the effect of *tfl1-20* mutation is that recruitment of a coactivator or corepressor to the FD protein complex is inhibited in the *ft-10 tsf-1 atc-2* background, as previously suggested ([@CIT0002]). Failure to recruit such cofactors may then render FD inactive or nearly inactive, explaining the absence of an effect of the addition of *tfl1-20*.

In summary, this study constructed a comprehensive set of mutants of the six *A. thaliana FT/TFL1* family genes and analysed their genetic interactions in the regulation of flowering time. This mutant population will be useful to further define the role of the *FT/TFL1* family genes in broad aspects of plant development. Further analyses using this population will provide strong genetic evidence of the functional roles and importance of the *FT/TFL1* family.

Supplementary material {#s16}
======================

Supplementary data can be found at *JXB* online.

[Supplementary Fig. S1.](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert036/-/DC1) Distribution of flowering time of wild type, *35S::miR156a* and *35S::miR156a ft-10 tsf-1 mft-2 tfl1-20 atc-2 bft-2* plants at 23°C in the T~1~ generation.

[Supplementary Fig. S2.](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert036/-/DC1) Relative expression of *SPL3*, *FUL*, *SOC1*, and *AP1* in WT, *tfl1-20 atc-2 bft-2, ft-10 tsf-1 mft-2 tfl1-20 atc-2 bft-2* and *ft-10 tsf-1 mft-2* plants.

[Supplementary Table S1.](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert036/-/DC1) Oligonucleotide sequences used for genotyping.

[Supplementary Table S2.](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert036/-/DC1) Oligonucleotide sequences used for RT-qPCR.
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